A three-dimensional MIL-100(Fe)/graphene hybrid aerogel (MG-HA) was fabricated via in situ decoration of graphene oxide with MIL-100(Fe) nanoparticles. The resulting MG-HA with interconnected pore structure was applied as both adsorbent and catalyst for the removal of methylene blue (MB) from aqueous solutions. The result shows that the saturation adsorption capacity of the MG-HA was as high as 333.33 mg g À1 , exceeding
Introduction
In the dyestuff industry, increasing water pollution has been a very serious problem and is having an adverse impact on public health and social economy.
1 Nowadays, there are several methods used to treat the polluted water, such as adsorption, 2 chemical catalytic oxidation, 3 biodegradation, 4 solvent extraction, 5 photocatalytic degradation 6 and membrane separation.
7
Adsorption and chemical catalytic oxidation have been promising approaches. The adsorption technique is one of the effective, economical and easily regenerated ways; however, such a technique will have to deal with the used adsorbents, which will otherwise cause secondary pollution and need an appropriate follow-up process. Chemical catalytic oxidation tends to remedy the problems facing the adsorption techniques via the degradation of pollutants. Unfortunately, this technique is not suitable for removing dyes at low concentration level, considering its relatively low oxidation rate and high cost. 8 In other words, it is difficult for chemical catalytic oxidation to treat low concentrations of dyes economically. By combining adsorption with the chemical catalytic oxidation technique, in which the adsorbent itself acts as a catalyst for the degradation of dyes, a kind of adsorption/catalysis combined technique has been developed. 9 The dyes are concentrated on the adsorbent and then degraded by catalytic oxidation. Under this circumstance, the catalytic degradation is accelerated in that the dye is concentrated and more importantly the concentrated dye contacts the catalyst tightly. Aer the chemical degradation of dyes from the adsorbent, the adsorption equilibrium is broken and more dyes would be adsorbed. The synergistic process will build up in the reciprocal interaction between adsorption and degradation, giving rise to high removal rate without any risk of releasing secondary pollution.
High surface area, appropriate porous structure and high catalytic activity are usually expected to achieve high efficiency in the design of an adsorbent/catalyst. 10 Metal-organic frameworks (MOFs), being composed of organic bridging ligands and metal ions to form three-dimensional (3D) extended networks with uniform pore diameter, are considered superior in both adsorption and catalysis owing to their high intake capacity, better selectivity and also the possibility of tuning the chemical properties by varying organic linkers or metal atoms. 11, 12 In addition, MOFs catalyzed a couple of reactions owing to the underlying building blocks and the frameworks themselves possessing sites of intrinsic catalytic potential (i.e. Lewis acidic Interest in graphene has grown due to its extraordinary physicochemical properties such as high specic surface area, unique morphology, chemical structure, and electrical properties. Graphene has thus been used as an expeditious adsorbent for various pollutants due to its large, delocalized p-electron system, which can form strong interactions with pollutants.
17,18
Graphene composite materials showed more advantages in terms of the irreversible agglomeration of graphene into graphite, which usually led to poor processability. 2D calcium alginate and graphene oxide (GO) composite materials revealed 114.9-181.8 mg g À1 adsorption capacity for methylene blue (MB). 19 GO/chitosan/silicon dioxide composite ber adsorbed Congo red at an adsorption capacity of up to 294.15 mg g À1 .
20
Composite structures of graphene with layered double hydroxides were expected to exhibit high adsorption capacity.
21
On the other hand, graphene functions as a metal-free catalyst. Researchers listed the active sites, including oxygenated functional groups, carbon vacancies and holes, edge effects, the presence of dopant elements etc. Besides the discrete active sites, the catalytic activity also arises from the adsorption and activation of substrates and reagents by charge transfer. 22 This implies that the adsorption and catalysis will promote each other. Nevertheless, the above methods usually resulted in the powder state of the adsorbent or catalyst. This is not conducive to recycling, leading to a time-consuming and high-cost recycling process. Graphene aerogels (GA) inherit the properties of graphene, especially having the structure of a macro-material body, high accessible surface areas and tunable macropores, and thus have attracted great attention in adsorption.
23-26
An attractive process is to make the structure of an aerogel by the combination of MOF particles with graphene. In this study, an efficient adsorption/catalysis material was fabricated and investigated as both adsorbent and catalyst to evaluate the synergetic effect on the removal of MB. The reusability and recyclability were explored as well. MG-HA was prepared using the following procedures. Briey, a certain amount of MIL-100(Fe) was added into 5 mL of GO dispersion (2 mg mL À1 ) to obtain a homogeneous mixture under ultrasonication. Then 20 mL of EDA was added dropwise to the mixture. Aerwards 5 mL of the mixture was placed in a 10 mL vial and maintained at 180 C in a 50 mL Teon-line autoclave for 12 h. Aer that, the autoclave was cooled down to room temperature. The as-formed product then was lyophilized to yield the aerogel. Variation of the quantity of MIL-100(Fe) (5, 10, 20 mg) would produce different hybrid aerogels, which reect the mass ratio of MIL-100(Fe) to GO as 0.5, 1.0 and 2.0, respectively termed as 0.5MG-HA, 1.0MG-HA and 2.0MG-HA. Pure GA was prepared under the same conditions in the absence of MIL-100(Fe) for comparison.
Experimental

Characterization
The morphology of MIL-100(Fe), GA and MG-HA was characterized by scanning electron microscopy (SEM, Hitachi, TM3030, Japan) combined with energy dispersive spectroscopy (EDS) and transmission electron microscopy (TEM, JEM-2100USA). Raman spectra were collected by using a Raman spectrometer (Thermo Scientic DXR, USA) equipped with a 633 nm argon ion laser. The chemical structure of the membranes was analyzed with attenuated total reectance FTIR (PerkinElmer, Spectrum II, USA) in the wavenumber range of 400-4000 cm À1 . Samples were ground with KBr and pressed to plates for measurement. The Brunauer-Emmett-Teller (BET) surface area and pore size were determined by nitrogen adsorption (ASAP2460, Micromeritics, USA). The concentration of MB was analyzed with an ultraviolet spectrophotometer (Molecular Devices, USA).
Adsorption experiments
MB was used as the target pollutant. 10 mg of MG-HA was added into 20 mL of MB aqueous solutions of different concentrations 
where Q t (mg g À1 ) is the adsorption amount at adsorption time t, C 0 is the initial concentration of dye (mg L À1 ), C t is the concentration of dye (mg L À1 ) at adsorption time t, m is the mass of adsorbent (g), and V is the volume of the solution (L).
Catalytic degradation
10 mg of MG-HA was added into 20 mL of MB solution (200 mg L À1 ) containing 100 mL of H 2 O 2 (30%) at pH 6.0. Aer the pH was adjusted to 6.0, the mixture was shaken at 130 rpm at 30 C. 40 mL samples were taken at predetermined time intervals for the analysis of residual MB concentration in the aqueous solution.
To investigate the synergistic process of adsorption coupled with degradation, 10 mg 1.0MG-HA was added into 20 mL of MB solution (200 mg L À1 ) at pH 6.0 for adsorption. Aer shaking for 120 min, the desired amount of H 2 O 2 was added to initiate oxidative degradation of MB. At predetermined time intervals, 40 mL of the mixture was taken for analysis of residual MB. Aer degradation, the adsorbent was collected and reused in the next cycle. All the experiments were performed in triplicate.
Results and discussion
Characterization
A schematic illustration for the fabrication of MG-HA is shown in Fig. 1 . At rst, MIL-100(Fe) was prepared by a hydrothermal process. Then MIL-100(Fe) and GO were autoclaved to obtain a 3D network of MG-HA. As shown in Fig. S1a , † MG-HA prepared with different ratios of MIL-100(Fe) to GO displayed different appearance. More MIL-100(Fe) resulted in a slacker texture. As an illustration, 1.0MG-HA can be set on dandelion owers easefully without incurring any shape change of so villi, indicating that the quality of this material is very light (Fig. S1b †) . The hybrid aerogel can also support about 104 times its own weight, showing good mechanical strength though with ultralight density (Fig. S1c †) . Importantly, different shapes can be conveniently fabricated dependent on the shape of the mold in which the aerogel was made (Fig. S1d †) . A column shape was obtained, for instance, when a round-bottom vial was used ( Fig. S1e and f †) . That might meet the requirements in various application elds. Therefore, the macro body of MG-HA with ultralight density and good mechanical strength allows it to be applied efficiently and recovered conveniently as a pollutant adsorbent and catalyst. The morphology and structural details of the as-prepared MG-HA in different formulations were investigated by SEM (Fig. 2) and TEM (Fig. 3) . From the SEM images in Fig. 2a-f , we can see that the as-prepared MG-HA showed well-dened and interconnected porous network with the pore size ranging from submicrometer to micrometers, which was constructed by thin layers of stacked graphene nanosheets. Compared with the smooth surface of pure GA (Fig. S2a †) and with the MIL-100(Fe) nanoparticles (Fig. S2b †) , MG-HA exhibited a porous structure and numerous nanoparticles entrapped in a sheet-like structure. The nanoparticles were strongly believed to arise from MIL-100(Fe) and the sheet-like structure originated from graphene. The size of the nanoparticles in MG-HA was in a similar range to that of pure MIL-100(Fe) (Fig. S2b †) . More nanoparticles were observed with elevated MOF ratios in the preparation process. EDS mapping analysis of 1.0MG-HA ( Fig. 2g and S2c †) showed the distribution of C, Fe and O elements throughout the hybrid aerogel. Fig. 3 clearly shows that the graphene nanosheets in thickness were connected to form the network-like structure and the MG-HA were decorated with clusters of MIL-100(Fe) crystals between the graphene sheets. The interconnected graphene sheets prevented the agglomeration of MIL-100(Fe) and allowed the particles to disperse well in terms of the TEM observation.
The formation of MG-HA was conrmed by XRD examinations, and the XRD patterns of MIL-100(Fe), GA and MG-HA are shown in Fig. 4A . In the XRD pattern of GA, the diffraction peak centered at 25.3 comes from the (001) crystal plane. The diffraction pattern of the 0.5MG-HA composite is similar to that observed for GA; no characteristic diffraction peaks of MIL-100(Fe) are observed, which indicates that the structure of GA is preserved. However, with an increase of the amount of MIL-100 added, the characteristic signals of MIL-100 crystals were also observed in the XRD pattern of 1.0MG-HA, and followed by the presence of XRD peaks of Fe 3 O 4 , implying that the MIL-100 crystals were gradually assembled in GA microenvironment, which is consistent with SEM and TEM results. The FTIR spectra of MIL-100(Fe) as well as MG-HA are shown in Fig. 4B . The MG-HA spectrum exhibited the vibrations of MIL-100(Fe) at identical bands of 1443, 1383, 757, and 708 cm À1 , 30 which conrmed the successful incorporation of MIL-100(Fe) into GA. Raman spectroscopy is highly sensitive to electronic structure and has proven to be an essential tool for the characterization of carbon-based materials (especially for C]C bonds). 31 The in situ deposition of MIL-100(Fe) particles and the self-assembly of GO sheets into the 3D interconnected aerogel structure are also driven by the combined hydrophobic and p-p stacking interaction of molecules due to the reduction of oxygenated moieties on the graphene surface. In Fig. 4C , the Raman spectra of the hybrid aerogels preserved the characteristic bands of GA as reported elsewhere. 32 Two strong bands at 1350 and 1590 cm À1 of GA can be clearly seen, corresponding to the well-documented D and G bands of carbon materials, respectively. 33 However, these Raman bands of the MIL-100(Fe) phase cannot be observed in the MG-HA spectra. The reason may be that the MIL-100(Fe) crystals of MG-HA were sheltered by GA, implying the good dispersion of MIL-100(Fe) nanoparticles on GA layers without local aggregation. The intensity ratio of D to G bands (I D /I G ) is generally indicative of the disorder degree and healing of defects. The I D /I G intensity ratios of 0.5MG-HA, 1.0MG-HA and 2.0MG-HA were 1.41, 1.39 and 1.42, respectively, all higher than that of GA (1.37). This slight increase in I D /I G values was ascribed to the doped MIL-100(Fe) particles and wrinkles in the interconnected frameworks.
32 Or, the aerogel was not just simply the physical mixture but involved a structure alteration.
The defective structure may provide a large number of active sites for binding with other molecules.
Pore structure and surface area are vital for adsorption and catalysis, so the BET specic surface area and pore structure parameters of MIL-100(Fe), GA and MG-HA were studied by N 2 adsorption-desorption analysis. As can be seen in Fig. 4D , the N 2 adsorption-desorption curves of MIL-100(Fe), GA and MG-HA displayed a type IV isotherm with an H 3 -type hysteresis loop, indicating a porous structure of all the samples. 29 The values of BET surface area and total pore volume are listed in Table 1 . MIL-100(Fe) exhibited much larger BET surface area than GA. Aer the combination, 1.0MG-HA possessed a surface area of 164.94 m 2 g À1 , signicantly larger than that of both parent structures. This result can be attributed to the fact that the MIL-100(Fe) particles widened the distance between the GA nanosheets and enlarged the GA pores. Besides, the pores of MIL-100(Fe) were less blocked at the lower amount of MOF (1.0MG-HA). Further increasing the amount of MOF particles will ll the pores of GA. Also, MOF layers stacked on each other and thus the MOF pores were sealed to some degree. Fig. 2 veried the sealing effect. The BET surface area and the pore volume thus decreased with the amount of MOF.
Adsorption kinetics and adsorption isotherms
In order to highlight the superior performance of the prepared hybrid aerogels, GA and MIL-100(Fe) particles were involved for comparison. Fig. 5 shows the kinetic adsorption, where the adsorption amount reached 70-80% of saturation capacity in the initial 10 minutes for all these adsorbents. The quick adsorption ability was ascribed to the highly interconnected pore structure. Aerward, the adsorption became much slower. GA and MIL-100(Fe) displayed 263.16 and 312.50 mg g À1 adsorption capacity, respectively. 0.5MG-HA and 2.0MG-HA did not show as good an adsorption capacity as 1.0MG-HA. 1.0MG-HA showed the highest adsorption capacity (333.33 mg g À1 ). As discussed above, 1.0MG-HA possesses the largest pore volume and surface area with interconnected pore structure ( Table 1) . These structural features endowed the aerogel with high capacity as an adsorbent. The 3D interconnected network provides adequate molecular transportation channels and allows easy diffusion of dye molecules from the exterior to interior sites in the adsorbent. A large amount of negatively charged oxygen-containing functional groups (such as hydroxyl, carboxyl and carbonyl groups) available on graphene nanosheets provide additional opportunity for the adsorption of dye molecules through electrostatic attraction. Even more, the existence of p-p conjugation between MB molecules and graphene will augment the adsorption process. Fe Lewis acid sites in MIL-100(Fe) and Lewis base -N(CH 3 ) 2 in MB strengthened the adsorption as well. These structural and chemical mechanisms contributed to the elevated adsorption. But the aerogel with high proportion of MOF demonstrated lower adsorption capacity probably due to the stacking of MOF, mentioned above.
To investigate the mechanism of adsorption, kinetic studies were performed at 25 C. The pseudo-rst-order and pseudosecond-order kinetic models were applied to t the experimental data. The pseudo-rst-order model can be described as follows:
where Q e (mg g À1 ) and Q t (mg g À1 ) correspond to the amount of MB adsorbed at equilibrium and at time t, respectively; k a is the rate constant of adsorption (min À1 ). The pseudo-rst-order model tted kinetic data are shown in Fig. S3 . † The values of Q e and k a are calculated by the slope and intercept of the plot.
The pseudo-second-order kinetic expression is described in the following form:
where k a (g mg À1 min À1 ) is the pseudo-second-order rate constant. The adsorption rate constant k a was calculated from a plot of t/Q t versus t. Fig. S3 † shows the plots of the pseudo-rst-order and second-order kinetics. The corresponding kinetic parameters and the correlation coefficients are summarized in Table S1 . † As can be seen from Table S1 , † all the pseudo-second-order correlation coefficients (R 2 ) were close to 0.99, much higher than those of the pseudo-rst-order model. The calculated Q e values fully agreed with the experimental data in the case of pseudo-second-order kinetics. Therefore, the adsorption behavior can be perfectly described by the pseudo-second-order model, which means that chemical adsorption is the dominating step.
In order to investigate the adsorption capacity, adsorption isotherm experiments were carried out by varying the initial MB concentration from 150 to 400 mg L À1 . The Langmuir and
Freundlich isotherm models were applied to t the experimental data. The Langmuir model is based on the assumption of monolayer adsorption on a homogeneous surface 36 and is dened by the following formula:
The Freundlich model is an empirical expression which describes multilayer adsorption at heterogeneous surfaces 36 and is expressed as follows: 
where Q e (mg g À1 ) is the equilibrium adsorption amount, C e (mg L À1 ) is the MB concentration aer the adsorption reached equilibrium, Q max (mg g À1 ) is the maximum adsorption amount calculated by Langmuir simulation curve, which reects the adsorption ability by theoretical calculation, and a L (L g À1 ) is
the Langmuir adsorption constant. The Freundlich constants K f and n respectively represent the adsorption capacity and the adsorption strength. The corresponding parameters of the two models are listed in Table 2 . According to the two correlation coefficients (R 2 ), the adsorption ts better the Langmuir isotherm model in contrast to the Freundlich model, reecting that the process is monolayer adsorption on the surface of the adsorbent. Fig. S4 † proposes a possible adsorption mechanism of MG-HA for MB. The adsorption process was composed of surface adsorption, interparticle diffusion adsorption, and equilibrium. Surface adsorption was the rate-determining step achieved by three types of interactions: (1) electrostatic interaction; (2) hydrogen bonding; and (3) hydrophobic interaction. Electrostatic interaction occurred between deprotonated groups (i.e., -COO-) on the surface of graphene and MIL-100(Fe) particles, and positively charged quaternary ammonium groups in MB. Hydrogen bonding resulted from the interaction between -OH on the surface of graphene and amine in MB. Hydrophobic interaction was a tendency of nonpolar groups to associate in aqueous solution. Because of the aliphatic branches on its pendant groups, the graed graphene had a hydrophobic character and could react with benzene rings in MB through hydrophobic interaction.
Catalytic degradation
The approach of adsorption coupled with catalytic degradation was applied for the highly efficient removal of MB by using MG-HA. Fig. 6 illustrates the synergistic process of adsorption coupled with catalysis. MG-HA initially adsorbed MB from aqueous solution and then catalyzed the degradation of MB via the activation of hydrogen peroxide (H 2 O 2 ). Fig. 7 demonstrates the results based on the synergistic effect of adsorption coupled with catalysis. In Fig. 7a, The stepwise treatment apparently demonstrated the dual function of the obtained MG-HA. Especially, the removal rate was accelerated by the application of H 2 O 2 though the solution concentration was pretty low at the moment that H 2 O 2 was added. This is assumedly attributed to the fact that high MB concentration which has been already adsorbed on the surface of the adsorbent/catalyst brought about the quick oxidative degradation rate. The degradation of MB from the surface will in turn accelerate the adsorption. The synergistic mechanism nally led to the easy removal of MB. When H 2 O 2 and 1.0MG-HA were added together, 99% of MB was removed within 60 minutes. Apparently, the synergistic effect took place under these conditions. Obviously, the benets will be revealed fully in the treatment of high concentration of pollutants. In the case of high initial pollutant concentration, the equilibrium concentration of pollutants in solutions would still remain high with the use of only adsorption due to the restriction of the adsorption equilibrium limit. However, the synergistic effect will overcome the equilibrium and initiate the degradation process in the presence of H 2 O 2 , nally leading to the complete removal of pollutants without the requirement of more adsorbents. More interestingly, the removed pollutants were in situ degraded catalytically, avoiding secondary pollution. The catalytic degradation is further veried in Fig. S5 . † There the desorbed sample through adsorption in the absence of H 2 O 2 kept the same spectrum as MB itself. However, the sample through the treatment of MG-HA in the presence of H 2 O 2 displayed a different spectrum from MB itself. The experimental results indicated the occurrence of catalytic degradation. Meanwhile, the corresponding total organic carbon values were measured (Fig. S6 †) . The nal mineralization rate of MB (200 mg L À1 ) aer H 2 O 2 oxidation was 85%. However, the mineralization rate should be higher than the measured value, because the carbon of the catalyst used in the degradation process led to measurement deviation. To further elucidate the synergistic effect, an adsorption/ catalysis coupled mathematic model was established based on the above pseudo-second-order adsorption and pseudo-rst-order catalysis behavior. The specic derivation process is presented in the ESI. † The composite model is described as follows:
where k a (g mg À1 min À1 ) is the adsorption pseudo-second-order rate constant and k c (min À1 ) is the degradation pseudo-rst-order rate constant. C e0 (mg L À1 ) is the dye concentration aer the adsorption reached equilibrium without catalysis effect, C 0 is the initial concentration of dye (mg L À1 ), and t (min)
is the adsorption/reaction time.
To verify the validity of the formula, four different cases (H 2 O 2 only, 1.0MG-HA only, rst 1.0MG-HA then H 2 O 2 , and 1.0 MG-HA + H 2 O 2 ) were explored. The constants of pseudo-secondorder kinetic plots and degradation pseudo-rst-order rate are summarized in Table S2 . † The simulation curves are shown in Fig. 7b . It was found that the simulation curves were in good agreement with the experimental curves in Fig. 7a , which reected the feasibility of this composite model. Therefore, successful agreement of this model further validated the adsorption/catalysis coupled behavior.
The use of recycling is signicant in industry. Though MIL-100(Fe) displays good adsorption capacity, it is very inconvenient to recycle in practical applications. In contrast, macro-size materials can overcome this drawback. This is why the hybrid aerogels were fabricated. To further assess the reusability of 1.0MG-HA for dye degradation (Fig. S7 †) , the MG-HA was washed with water aer one catalytic run and reintroduced into a fresh dye solution containing 100 mL of H 2 O 2 for another degradation run at 30 C. The result showed that the removal ability in the h run reached 93.4% of that in the rst run, indicating an expected practicability for industrial applications.
To demonstrate potential application in practice, a direct observation experiment was conducted via a syringe lter. 10 mg of sample was loaded into the lter rst. 5 mL MB solution (80 mg L À1 ) was put in a 10 mL syringe, and injected through the adsorbent bed at a speed of 100.0 mL h À1 (Fig. S8 †) .
Quantitative analysis indicated that 99.0% MB was removed when 1.0MG-HA was tested. The comparison study showed clearly that the hybrid aerogel gave the most obvious effect. This observation indicated potential industrial applications.
Conclusion
In conclusion, a type of MG-HA was fabricated giving a bimodal synergistic effect of adsorption coupled with catalysis and applied in the removal of MB from aqueous solution. The hybrid aerogel had a large specic surface area and large pore volume. The dual functions of adsorption coupled with catalysis and the synergistic effect were fully exhibited in terms of the removal curves in the presence of H 2 O 2 , initial 1.0MG-HA and subsequent H 2 O 2 , and both 1.0MG-HA and H 2 O 2 . Moreover, a feasible mathematical model was built to be used to simulate the adsorption/catalytic behavior. Finally, the reusability of the adsorbent/catalyst was studied and the results showed that MG-HA can be reused without obvious reduction in the removal capacity. The hybrid aerogel of MOF coupled with graphene provides a feasible way to achieve efficient removal of pollutants such as MB.
Conflicts of interest
There are no conicts to declare.
